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Electron capture dissociation at 86 K of the linear peptide Substance P produced just two
backbone fragments, whereas at room temperature eight backbone fragments were formed.
Similarly, with the cyclic peptide gramicidin S, just one backbone fragment was formed at 86 K
but five at room temperature. The observation that some backbone scissions are active and
others inactive, when all involve N™C cleavages and have a high rate constant, indicates that
the more specific fragments at low temperatures reflects the reduced conformation heteroge-
neity at low temperatures. This is supported by reduced or inactive hydrogen loss, a channel
that has previously been shown to be affected by conformation. The conclusion that the ECD
fragments are a snapshot of the conformational (intramolecular solvation shell) heterogeneity
helps explain how the relative intensities of ECD fragments can be different on different
instrument and highlights the common theme in methodologies used to increase sequence
coverage, namely an increase in the conformational heterogeneity of the precursor ion
population. (J Am Soc Mass Spectrom 2004, 15, 1869–1873) © 2004 American Society for Mass
SpectrometryElectron capture dissociation (ECD) [1– 4] em-ploys reactions of multiprotonated peptides/proteins with low energy electrons to generate
peptide fragments. The high sequence coverage and
the ability to retain labile groups after ECD have
allowed posttranslational modifications (PTMs) and
point mutations (PMs) in peptides and proteins to be
both identified and localized. Such performance is of
great value for the analysis of the proteome, particu-
larly that of diseased organisms. PTMs and PMs are
widespread and are frequently associated with dis-
ease [5–7], for example over 80 different point muta-
tions have been found in transthyretin (most of which
lead to autosomal disorders) [8].
To be able to fully characterize such modified pro-
teins, 100% sequence coverage is required (so-called
top-down proteomics). Several methods have been de-
veloped to increase the sequence coverage of ECD,
which can be grouped into either infrared illumination
[9–11] or collisional activation [12]. These methods
increase the average internal energy of the ions, which
also affects the conformation of these gas-phase ions
[13].
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doi:10.1016/j.jasms.2004.09.007There is experimental and theoretical evidence that
ECD is directed by the internal solvation of the (neu-
tralized) proton [9, 14–18]. If the reaction progresses
faster than the electron-proton recombination energy is
randomized and thermal fluctuations are small, specific
fragments would be expected from a single (frozen)
conformer, reflecting the solvation shell, specific for
that conformation, surrounding the neutralized proton.
Thermal fluctuations that result in a dynamic solvation
shell, but not conformational change (local fluctuations
rather than a global change), would produce a greater
number of fragments. Finally, multiple conformations
as well as thermal fluctuations would produce yet more
fragments. Because the methods used to increase the
sequence coverage of ECD all increase the internal
energy of the ions, and so affect the conformation of the
gas-phase ions, the greater sequence coverage could
simply reflect the greater conformational heterogeneity
(and “thermal” motion) of the activated ion population.
To investigate the importance of conformational heter-
ogeneity on the fragments produced by ECD, we have
performed ECD at 86 K. If the extent of fragmentation is
governed by the conformational heterogeneity, less but
more specific fragments will be obtained at 86 K.
Here we report significant changes in ECD spectra at
low temperature compared with those at near room
temperature, performed on a linear and a cyclic peptide
under otherwise identical conditions.
r Inc. Received August 6, 2004
Revised September 8, 2004
Accepted September 9, 2004
1870 MIHALCA ET AL. J Am Soc Mass Spectrom 2004, 15, 1869–1873Experimental
Gas phase ions of the linear peptide Substance P
(RPKPQQFFGLM) and the cyclic peptide gramicidin
S (VOLFPVOLFP) were generated using electrospray
ionization (20 M in 1:1 water:acetonitrile  1%
formic acid) and injected into a Fourier transform ion
cyclotron resonance mass spectrometer (FTMS)
equipped with an electron gun and a temperature-
controlled cell [19]. Following isolation of the [M 
2H]2 ions using a stored waveform inverse Fourier
transform pulse [20], the precursor ions were left to
equilibrate at the requested temperature for 50 s
before undergoing a 400 ms ECD event. To investi-
gate the temperature dependence of ECD, experi-
ments were performed on ion-populations thermal-
ized near room temperature and at 86 K. These
represent the two temperatures under which most
ECD experiments are performed and an extremely
low temperature (the lowest temperature amenable to
our experimental set-up) that would detect any tem-
perature dependence.
Results and Discussion
Substance P was chosen because it is a linear peptide
that under normal conditions (room temperature) pro-
duces many backbone fragments. ECD of Substance P at
308 K produced seven c fragments (c4–10) and a weak z9
·
fragment, in agreement with previous studies [21].
Under otherwise identical conditions, except perform-
ing the experiment at 86 K, the c4, c5, c6, c8. c9, and z9
·
fragments were not detected. Only the c7 and c10 frag-
ments were observed at 86 K. Figure 1 shows a com-
parison of these two spectra, the disappearance of six of
the eight fragments is readily apparent.
Figure 2 shows three representative examples in
more detail, the c5 and c9 fragments that both disap-
peared at 86 K and the c10 fragments that remained. The
Figure 1. Comparison of the ECD spectra of the [M  2H]2 ion
of Substance P at 308 K (a) and 86 K (b). Both spectra are the
average of 50 scans.top row shows the fragment spectra at 308 K and thebottom the analogous spectra at 86 K. It is clear that a
smaller number of fragments were detected at 86 K.
ECD is thought to occur close to the charge-reduced
protonation sites through internal solvation of the pro-
ton and H transfer after electron capture [2, 16–18].
(Note: it was recently suggested that electron capture
could occur prior to proton transfer [22], the results
shown here cannot distinguish between these two pos-
sibilities). The fragments formed by these fast mecha-
nisms would be expected to be sensitive to the confor-
mation of the molecule and, extrapolating, the
fragments formed by an ion population would be
sensitive to the conformational heterogeneity of the ion
packet. At higher temperatures (or after collisional/
radiative activation) the number of conformations and
the thermal fluctuations are larger. Consequently, more
fragments are expected at higher temperatures (internal
energies). Figure 1 shows that the fragments obtained
after ECD of Substance P at 86 K and 308 K fit this
scenario, namely more fragments are obtained at higher
temperatures because of the larger conformational
space occupied by the molecule. The sensitivity of the
fragments formed by ECD to the conformation popula-
tion also explains why the relative abundances of the c
fragments have differed on different instruments. The
following relative intensities have all been reported c5
c4  c6  c7  c8  c9  c10 [23], c5  c6  c7  c4 
c9  c10  c8 [11], and c10  c7  c9  c8  c6  c5 
c4 [24]. The different fragment intensities could reflect
the different conformation populations present. The
conformation population is influenced by the final
internal energy distribution of the ions, which can be
altered during ionization, ion transport through the
mass spectrometer, and ion trapping in the ICR cell
(where ECD occurs). These parameters are almost cer-
tainly different for experiments performed on different
instruments operated by different people.
A common reaction pathway found in ECD experi-
ments is loss of a hydrogen atom (the reduced proton).
Figure 2. c5 fragment of Substance P after ECD at (a) 308 and (b)
86 K; c9 fragment of Substance P after ECD at (c) 308 and (d) 86 K;
c fragment of Substance P after ECD at (e) 308 and (f) 86 K; [M10
 H] and [M  2H]· cluster at (g) 308 and (h) 86 K.
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to conformational change [25]. In support of the above
conformation explanation for the different fragments
detected at 308 and 86 K, it was found that the hydro-
gen loss channel was active at the higher temperature
but not at the lower temperature (Figure 2). All of the
above observations are consistent with the premise that
the reaction pathways followed after electron capture,
and thus the fragments obtained, reflect the conforma-
tional heterogeneity of the trapped ions. It is encourag-
ing that the fragments obtained at 86 K appear to
correlate with the structure calculated by Bowers and
workers for the gas-phase [M  2H]2 ion of Substance
P, in which the part of the peptide backbone involved in
internal solvation includes the amino acids whose scis-
sion leads to the c7 and c10 fragments [26]. Intramolec-
ular solvation of the protonated lysine is 40 kJ mol1
more stable (enthalpically) than solvation of the other
protonation site (arginine) and the enthalpic contribu-
tion increasingly dominates the conformer population
at lower temperatures (see personal communications
below) (and thus the intramolecular solvation shells
that determine which fragments are obtained).
The ability to cleave N™C bonds but retain labile
groups after ECD and the time-scales of other recombi-
nation-dissociation reactions lead to the postulate that
ECD is a non-ergodic process, that dissociation occurs
prior to energy randomization [2]. However, more
recent studies have concluded that, for these radical
reactions, nonergodicity does not need to be invoked
because of the low activation barriers of the backbone
cleavages [27]. For Substance P the total internal energy
after ECD is 3.9 (4.6) and 6.2 (6.9) eV, for neutralization
of the lysine (arginine) protonation site at 86 and 308 K,
respectively. These internal energies are sufficient for
unimolecular rate constants 105 s1 when distributed
throughout the molecule [27]. The question as to
whether the smaller number of fragments at 86 K
reflects the lower conformational heterogeneity before
energy randomization or after requires further study to
determine the energies associated with the conforma-
tional changes that lead to different fragments. Future
plans include performing temperature resolved ion
mobility studies to determine the internal energies
associated with these conformational changes.
ECD of gramicidin S (VOLFPVOLFP) at 86 K also
showed differences from that performed near room
temperature. At 313 K three types of fragments were
detected: small molecule losses, five backbone cleav-
ages (labeled B1–5 in Figure 3) and side chain losses, in
agreement with previous studies [28]. At 86 K a smaller
number of each type of fragment was detected, for
example just one backbone fragment (labeled B1 in
Figure 3). Because gramicidin S is cyclic, these backbone
fragments require two cleavages from a single electron-
capture event and are thought to arise from a free-
radical cascade [28]. While it is pertinent to contemplate
whether the reduced number of fragments is attribut-
able to the radical cascade terminating earlier at thelower internal energies at 86 K, considering the low
activation barriers of these gas-phase radical reactions
[18, 27] it is not sufficient without invoking a confor-
mational argument. As with the Substance P results, the
smaller number of fragments is consistent with a
smaller conformer population and reduced thermal
fluctuations. This is also supported by the observation
that the hydrogen loss channel was significantly atten-
uated at 86 K (Figure 3).
Recently, Iavarone et al. reported that the number of
c fragments obtained from ECD of the synthetic peptide
AcHN-(AKAAK)3A-NH2 was insensitive to tempera-
ture from room temperature up to 150 °C. This was
interpreted as indicating that the products are “. . . not
due to effects of tertiary structure” [29]. This behavior is
in stark contrast to the cold temperature results re-
ported here and several previous studies. Breuker et al.
have reported increased sequence coverage of ubiquitin
by heating throughout the same temperature range [9],
Håkansson et al. and Tsybin et al. have increased the
number of fragments by heating the ion cloud with an
infrared laser [10, 11], Horn et al. have increased the
sequence coverage by using collisional activation to
heat the ion cloud [30], and in addition to temperature
dependent ECD, Adams et al. found that a single
D-amino acid substitution, which is known to affect
solution-phase secondary and tertiary structure, signif-
icantly affected the ECD fragments obtained [16].
The different behavior seen by Iavarone reflects the
unusual nature of the peptide used in their study. This
peptide has previously been shown to exhibit an un-
usually stable helix, especially in non-polar solvents
(high vacuum is also non-polar) [31]. Increased helix
formation has been associated with a smaller number of
ECD fragments because the carbonyl groups that would
otherwise solvate the (neutralized) proton and lead to
N™C scission are involved in the hydrogen-bond net-
work that stabilizes the helix. Consequently, it is the
unusual stability of the helix in this peptide that is
Figure 3. A comparison of gramicidin S ECD fragments at 313
and 86 K. The backbone fragments have been labeled B1 through
B5, their respective sequences have been indicated in the figure
legend. Both spectra are the average of 25 scans.
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fragments throughout the temperature range investi-
gated. In this regard, the results of Iavarone et al. would
provide further support for the crucial role of confor-
mation in ECD.
All of the results discussed above demonstrate that
the fragments produced by ECD of multiprotonated
peptides/proteins are significantly influenced by the
conformations of the gas phase ions because this deter-
mines which groups are involved in the intramolecular
solvation of the (neutralized) proton. The results pre-
sented here show that at 86 K ECD generates much
fewer fragments than at room temperature, for both
Substance P and gramicidin S. This reflects the reduced
conformational heterogeneity at lower temperatures,
not the least because the low activation barriers associ-
ated with gas-phase radical reactions makes any argu-
ment based on reaction rates problematic. Such confor-
mational arguments are consistent with observations of
increased sequence coverage using techniques that heat
the ion population and provide an explanation why the
relative intensities of ECD fragments can be different on
different instruments. For increased sequence coverage
these results indicate that it is advisable to heat (ener-
gize) the ion population in order to obtain a heteroge-
neous conformation population. When analyzing bi-
omolecules that contain labile post-translational
modifications, this should be performed with due care
in order to ensure that these labile groups are retained.
Such modifications are associated with many diseases
and ECD provides an exceptional methodology for
identifying and localizing these modifications. With
sufficient care a balance can be reached in which the ion
population is energized enough for extensive sequence
information but the labile modifications are retained
[10, 12, 32].
Conclusions
Electron capture dissociation at 86 K of the linear
peptide Substance P and the cyclic peptide gramicidin S
generated significantly fewer fragments than at room
temperature. It is inferred that these more specific
fragments reflect the conformational heterogeneity of
the ion population because the reactions are still fast at
86 K (105 s1 for the common ECD channels) and
directed by intramolecular hydrogen bonds, and the
similarity of the channels for fragments that were active
and inactive make any alternative explanation implau-
sible. At higher temperatures, a greater number of
conformations as well as larger thermal fluctuations
leads to more fragments. Changes to the degree of
hydrogen loss, a reaction pathway previously shown to
be influenced by conformation, supports this assertion.
Moreover, the specific Substance P fragments at 86 K
are consistent with preferential intramolecular solva-
tion of the lysine.
The results presented here indicate how the confor-
mation (solvation shell) population of the ion packetaffect the relative intensities of the fragments and
sequence coverage. This last aspect is important be-
cause the most attractive feature of ECD is its ability to
identify and localize post-translational modifications to
proteins, which are associated with many of the dis-
eases of present day concern (Alzheimer’s, Parkinson’s,
and cancer).
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Addendum
In a personal communication in 2004, Turecek, F. writes
as follows. “B3-PMP2/6-311 G(2d,p) calculations of
ionization energies give IEa  3.00 eV for the -ammo-
nium radical from N-acetyl-lysine amide and IEa 
3.53 eV for the guanidinium radical from N-acetyl-
arginine amide. The vertical recombination energies are
somewhat lower, REv  2.84 and 2.44 eV for the lysine
and arginine cations, respectively. The coulomb contri-
bution to recombination energy in doubly charged
RPKPKQQFFGLM has been calculated from fully opti-
mized structures (by PM3) of RPK-NH2 motifs com-
bined with Mulliken and NPA charge distributions
with the B3LYP/6-31G* wave function. The more stable
conformer with internally solvated Lys side chain has
Ecoulomb  0.60–0.73 eV (NPA and Mulliken popula-
tions, respectively). The less stable conformer (DE 
24 kJ mol1) with internally solvated Arg side chain
has Ecoulomb  0.85 eV. Thus, the total recombination
energy in a Lys-solvated [RPKPKQQFFGLM  2H]2
conformer should be close to 3.00  0.7  3.7 eV for
electron capture at the Lys residue and 3.53 0.7 4.23
eV for electron capture at the Arg residue. Using
previous data for peptide heat capacities, [RPKP-
KQQFFGLM  2H]2 is estimated to have 0.2 and 2.5
eV internal energy (HT) at 86 and 308 K, respectively.
Upon adding the electron recombination energy, the
“cold” Lys-reduced ion will have a total of 0.2  3.7 
3.9 eV internal energy, corresponding to an effective
temperature of 385 K. The “ambient” ion will have 2.5
 3.7  6.2 eV, corresponding to 495 K. The Arg-
reduced ions will be slightly more energetic, 4.6 and 6.9
eV for the “cold” and “ambient” systems, correspond-
ing to 415 and 520 K, respectively.”
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